Single-stranded DNA rings play important roles in nanoarchitectures, molecular machines, DNA detection, etc. Although T4 DNA ligase has been widely employed to cyclize single-stranded oligonucleotides into rings, the cyclization efficiency is very low when the oligonucleotides (l-DNAs) take complicated secondary structures at ambient temperatures. In the present study, this problem has been solved by using Thermus aquaticus DNA ligase (Taq DNA ligase) at higher temperatures (65 and 70 C) where the secondary structures are less stable or completely destroyed. This method is based on our new finding that this ligase successfully functions even when the splint strand is short and forms no stable duplex with l-DNA (at least in the absence of the enzyme). In order to increase the efficiency of cyclization, various operation factors (lengths and sequences of splint, as well as the size of the DNA ring) have been investigated. Based on these results, DNA rings have been successfully synthesized from secondarily structured oligonucleotides in high yields and high selectivity. The present methodology is applicable to the preparation of versatile DNA rings involving complicated secondary structures, which should show novel properties and greatly widen the scope of DNA-based nanotechnology.
Introduction
Recently, much attention has been focused on DNA-based nanoarchitectures which are applicable to nanomachines, drug delivery systems, etc. [1] [2] [3] [4] Among the many nanostructures fabricated from DNA, single-stranded DNA rings are characterized by dynamic and mobile features which cannot be otherwise fullled, and they are one of the most important and promising parts in nanoarchitectonics. [5] [6] [7] For example, catenanes, in which two or more DNA rings are mechanically interlocked, have been elegantly employed in molecular switches, molecular motors, and switchable catalysts.
7-10
Versatile applications of DNA rings to molecular biology, medicine, and biotechnology have also been reported. [11] [12] [13] [14] [15] [16] [17] [18] [19] In most cases, DNA rings were prepared by cyclizing linear singlestranded DNA (l-DNA) with the use of T4 DNA ligase at room temperature. [20] [21] [22] [23] The cyclization has been greatly facilitated by adding an oligonucleotide (splint strand), which is complementary with the 3 0 -and 5 0 -terminal portions of l-DNA (see pathway 1 in Scheme 1). There are two critical problems which must be solved for more efficient production of DNA rings and also for their more sophisticated applications. The
Scheme 1 Schematic view of cyclization of single-stranded linear DNA (l-DNA) by DNA ligase. In pathway 1, l-DNA takes no secondary structure at 25 C and is successfully cyclized by T4 DNA ligase with the assistance of splint DNA. In pathway 2, however, l-DNA is folded to a complicated secondary structure at 25 C, and thus is hardly cyclized by T4 DNA ligase at 25 C, even in the presence of splint DNA. In pathway 3, this problem is solved by using Taq DNA ligase and achieving the reactions at higher temperatures where the secondary structures are unstable. The ring structure of the final product is confirmed in terms of the resistance against the digestion by Exonuclease I.
rst problem is the formation of enormous amounts of polymeric byproducts in their production processes, which has been well recognized for a long time. The targeted intramolecular cyclization is inevitably accompanied by intermolecular polymerization of l-DNA, and thus the yield and selectivity for desired DNA rings are limited. The most popular solution is high dilution method, in which the intermolecular reactions are suppressed by decreasing the concentration of l-DNA. 24, 25 By this strategy, however, the amounts of DNA rings obtainable are intrinsically small. Recently, this problem has been solved, at least for T4 DNA ligase-mediated cyclization, by employing abnormally diluted buffers as well as a step-by-step operation, since intermolecular polymerization was minimized under these conditions.
26
Another critical problem is the formation of secondary structures of DNAs in solutions at ligation temperatures, which hampers the formation of DNA rings and should also govern the scope of applications of DNA rings. In spite of its essential roles, this factor has never been attracting much attention to date. An eminent solution to this problem is the primary concern of this paper. In contrast with rigid helix-structure of double-stranded DNA, single-stranded DNA is exible and easily folded to complicated secondary structures through intramolecular basepairing and/or stacking interactions. 27 In fact, many of naturally occurring single-stranded DNAs have been reported to form secondary structures, which strongly affect their biological functions. 28 Various functional DNAs articially developed (e.g. aptamers, G quadruplex and DNAzymes) are also complicatedly folded. 4 Besides, these secondary structures were oen designed on DNA rings to construct molecular machines. 29 In these structures, the two ends of oligonucleotide are oen oriented unfavorably to be intramolecularly cyclized into rings. The secondary structures should also suppress the binding of splint strand to l-DNA at lower temperatures, since additional energy is required to deform the structures. Accordingly, the versatility of l-DNAs available (thus of DNA rings) is signicantly limited in conventional methods (pathway 2 in Scheme 1). Furthermore, the secondary structures in DNA rings, if any, should strongly affect the dynamic, biological, and other properties of nanostructures, and thus unique rings of unprecedented features and potentialities should be obtainable. Accordingly, enzymatic cyclization of secondarily structured oligonucleotide is an urgent topic in the relevant science.
In this study, l-DNAs having complicated secondary structures are efficiently and selectively cyclized to DNA rings at high temperatures where these structures are unstable (pathway 3 in Scheme 1). In place of heat-sensitive T4 DNA ligase, thermostable Taq DNA ligase from aquatic thermophilic bacteria [30] [31] [32] is successfully used on the basis of our unexpected nding of new aspect of this enzyme (see the Results section). Various reaction conditions (the length of splint strand, GC content in the splint, size of DNA ring, and the concentration of Taq DNA ligase buffer) are optimized to suppress the formation of polymeric byproducts. As the results, single-stranded DNA rings of various sizes are synthesized in high yield and selectivity, even when the corresponding l-DNA is folded to complicated secondary structure in solutions at room temperature. Without complicated purication procedures, DNA rings of high purity (>90%) have been easily obtained in a preparative scale.
Materials and methods

Materials
Single-stranded oligonucleotides (in Tables 1 and S1 †) were purchased from GENEWIZ (Suzhou, China). The sequence of l-DNA 59 was a part of l-DNA 74 , which was from phage M13, and their secondary structures were determined by Mfold calculation. 33 Prior to the cyclization experiments, a phosphate residue was enzymatically introduced to the 5 0 -position of these linear DNAs (l-DNAs) by using T4 polynucleotide kinase (Thermo Scientic, Pittsburgh, PA. USA). The products were puried by PAGE. CCAACGTCAAAGGGAGATAGGGTTG 25 for 3 min and cooled with ice. Then, the reaction was initiated by adding T4 DNA ligase (10 U), achieved at 25 C for 12 h, and terminated by heating the mixture at 65 C for 10 min.
Cyclization in diluted Taq DNA ligase buffer. The 10Â Taq DNA ligase buffer from the commercial source was simply diluted by water, and used for the reactions. Otherwise, all the procedures were exactly the same as those described above.
Evaluation of selectivity and yield for the formation of DNA rings. The reaction products were analyzed on 10% denaturing polyacrylamide gel (dPAGE), and stained with the dye solution presented above. The intensity of uorescence emission from each band was quantied by Image Lab soware. The selectivity and the yield for the formation of DNA rings were calculated by eqn (1) and (2):
where C, B, and R were the band intensities of circular singlestranded DNA ring, polymeric byproducts, and remained single-stranded linear DNA (l-DNA), respectively. these DNAs into rings must be achieved at 65 C or higher where the secondary structures are largely deformed. However, this requirement is not easily compatible with the reaction conditions conventionally used for Taq DNA ligase, especially for a relatively short splint. As far as we know, most of the previous ligations of nicked DNA were carried out under the conditions that the duplexes in both sides of nick site are sufficiently long and stably formed at the reaction temperature. For example, a splint of 40 nt or longer was oen employed for the ligation at 60 C or lower. [36] [37] [38] However, such long splints cannot be used for selective DNA ring production, since they cover a large portion of l-DNAs and the cyclic intermediates are hard to be formed due to higher rigidity, especially for a short l-DNA. Very recently, however, we have unexpectedly found that much shorter splint is sufficiently effective for this enzymatic ligation at 65 C ( Fig. S2 †) . The ligation satisfactorily proceeded even with the use of an 18 nt splint, which formed 9 bp duplexes on both sides of the nick. Both duplexes have low T m values (50 C or lower), and are never stably formed at 65 C, at least in the absence of the enzyme. Apparently, temporarily formed duplexes are responsible for this enzymatic ligation. The binding between l-DNA and splint could be promoted by the assistance of the enzyme. These remarkable ndings have paved the way to the production of single-stranded DNA rings with the use of Taq DNA ligase and short splint (e.g. 25 nt) at 65 C, where the secondary structures of l-DNAs are unstable.
Results
Successful cyclization of l-DNA by
Certainly, similar cyclization can be also successful for l-DNAs without obvious secondary structures (date not shown).
Superiority of Taq DNA ligase over T4 DNA ligase to cyclize secondarily structured DNA into DNA ring
In Fig. 1 , two linear DNAs (l-DNAs) were treated with Taq DNA ligase and T4 DNA ligase in the presence of two splints of different lengths (the sequences are shown in Table 1 59 ) was formed (the band at the bottom of the gel). However, the polymers were still the major products, and the selectivity for the DNA ring was only 38%. 74 (13+12) at 65 C by Taq DNA ligase. Prior to the reactions, l-DNAs were phosphorylated at the 5 0 -position by using T4 polynucleotide kinase. The sequences of l-DNAs and splints are listed in Table 1 and detailed reaction conditions are shown in Experimental section. The T m of l-DNA 59 and l-DNA 74 was 65.1 C and 66.4 C (Fig. S1 †) .
In order to destroy the secondary structure of l-DNA 59 and promote its intramolecular cyclization, the reaction was carried out at 65 C by Taq DNA ligase (lane 4). It is worth mentioning that the apparent T m of l-DNA 59 is 65.1 C (the corresponding value of l-DNA 74 is 66.4 C; Fig. S1 †) . Exactly as designed, the formation of polymeric by-products were greatly suppressed, and the DNA ring was now obtained as the dominant product (67% selectivity). This method was also applicable to the cyclization of l-DNA 74 , a longer oligonucleotide taking similar structure to l-DNA 59 (see Fig. 1B ). By using Taq DNA ligase and 25 nt splint (splint 74
) at 65 C, the DNA ring was prepared in 50% selectivity. This selectivity is much higher than the corresponding value (31%) for the cyclization using T4 DNA ligase at 25 C (compare lane 8 with lane 7). The ring structures of the products obtained by the present method have been conrmed in terms of complete resistance against Exonuclease I (Fig. S3 †) . It is concluded that thermostable Taq DNA ligase is a highly powerful and advantageous tool, compared with conventionally employed T4 DNA ligase, to prepare DNA rings from secondarily structured oligonucleotides. Note that a relatively higher DNA concentration (5 mM l-DNA) was used here. This advantage of Taq DNA ligase can be further amplied in diluted Taq DNA ligase buffers, and the selectivity for the formation of DNA rings is further increased up to almost 100% (vide infra).
Optimization of reaction conditions for efficient formation of DNA ring by Taq DNA ligase
Length of splint strand. The reaction conditions for formation of DNA ring from l-DNA 74 were optimized. At 65 C ( Fig. 2A) and 70 C (Fig. 2B) , the length of splint strand was systematically changed, and l-DNA 74 was cyclized by Taq DNA ligase. The dependencies of the yield of c-DNA 74 and the selectivity for its formation on the splint length are presented in (C) and (D), respectively. At both 65 C (circles) and 70 C (triangles), the plots of yield vs. the splint length are bell-shaped, and the maxima are at around 25 nt at 65 C and 29 nt at 70 C (Fig. 2C ).
The maximum yield was 50-60 mol%. On the other hand, at both temperatures, the selectivity remained rather constant up to the splint length 31 nt, indicating that the ratio of the reaction rate of intramolecular cyclization to the rate of intermolecular polymerization is almost constant here. With still longer splints, the selectivity gradually decreased with increasing splint length, corresponding to more dominant contribution of intermolecular polymerization. It should be noted again that efficient ligation was obtained at a temperature 10-15 C higher than the T m of the duplex of l-DNA/splint. GC contents in the splint strand. In Fig. 3 , l-DNAs (74 nt) are cyclized by Taq DNA ligase at 65 C, using splint strands which form different number of G-C pairs with the l-DNAs. In lanes 2, 5, 8, 11, 14, and 17, the lengths of splints are 18 nt, and the numbers of G-C pairs between the l-DNA and the splint are 0, 6, 10, 11, 14, and 18, respectively. In all these splints, 9 nt sequences in the 3 0 -and 5 0 -sides, respectively, are complementary with the 3 0 -and 5 0 -sides of l-DNA (see Table S1 †). When the number of G-C pairs is smaller than 10 (18 base pairs in total), cyclic DNA rings are never produced (lanes 2, 5, and 8). For the preparation of ring products, the number of G-C pairs must be 11 or larger (lanes 11, 14, and 17). In order to place the two ends of l-DNA in a close proximity, the duplexes must have a reasonable T m (e.g. >48 C, date not shown), although they do not have to be completely stable at the reaction temperature (65 C) (vide ante).
In the lanes adjacent to the lanes described above, the splints are 1 nt shorter (in the 3 0 -side) or 1 nt longer (in the 5 0 -side) than the parent splints. These truncated and graed splints (9 + 8 and 10 + 9, respectively) provided virtually the same results with respect to GC contents as the parent 18 nt splint. Necessity of sufficient number of G-C pairs for the cyclization has been further conrmed. The absence of ring products in lanes 10 and 13 (with 9 + 8 splints) indicates that the splint of 18 nt (9 + 9) or Table S1 . † longer is desirable for efficient catalysis by Taq DNA ligase under the conditions employed here, although some circular DNA was obtained when 17 nt splint with 100% GC content was used (lane 16). Consistently, no products of intermolecular polymerization are observed in lanes 10 and 13. Size of DNA ring. In Fig. 4 , l-DNAs of different size were cyclized by Taq DNA ligase with the use of 29 nt splint. All of these DNAs are folded to secondary structures (see Fig. S4 †) . As shown in lane 1, l-DNA of 64 nt was successfully cyclized to c-DNA 64 (the selectivity was 76%). This result fairly agrees with the efficient cyclization of l-DNA 59 and l-DNA 74 in Fig. 1 . For l-DNA 54 and l-DNA 44 , however, Taq DNA ligase was never eminent for the cyclization. It is concluded that the present method using Taq DNA ligase is applicable to the preparation of DNA rings of 60 nt or larger, and T4 DNA ligase may be the better one for shorter DNA rings.
Concentration of Taq DNA ligase buffer. It was previously shown that, in the cyclization of oligonucleotides (having no secondary structures) by T4 DNA ligase, the target DNA rings can be synthesized in high yield and selectivity simply by decreasing the concentration of T4 DNA ligase buffer. 26 In these diluted buffers, the formation of polymeric byproduct is greatly suppressed. Accordingly, Taq DNA ligase buffer was diluted and used for the present cyclization reactions (Fig. 5A) . The initial concentration of l-DNA 74 was 5 mM. With the decrease in the buffer concentration, the amounts of polymeric byproducts gradually decreased, and the selectivity for the DNA ring (c-DNA 74 ) monotonously increased (lanes 1-4 for 65 C and lanes 5-8 for 70 C). In 0.1Â Taq DNA ligase buffer, for example, the selectivity of c-DNA 74 was almost 100% at 70 C.
Protocol for preparative synthesis of DNA rings from structured oligonucleotides using Taq DNA ligase. Even when the concentrations of l-DNA were still higher, DNA rings were also selectively formed in 0.1Â Taq DNA ligase buffer at 70 C. When [l-DNA 74 ] 0 was 10 mM (lane 4 in Fig. 5B ), the selectivity for the cyclization to c-DNA 74 was as high as 91% and its yield was 58% (see Table 2 ). Accordingly, the nal reaction mixture contained only c-DNA 74 and l-DNA 74 (the remaining starting materials), together with marginal amounts of polymeric byproducts. Thus, simply by treating the product with Exonuclease I and digesting non-cyclic DNAs, the DNA ring as the desired product was obtained in 94% purity (see Table 2 ). No specic byproducts were perceived in the gel (lane 6 in Fig. 5B ). Thus, even without complicated purication procedure such as column chromatography, the DNA ring can be successfully obtained in a high purity enough to be directly usable for many applications. The preparation of DNA ring was also satisfactory at [l-DNA 74 ] 0 ¼ 20 mM (lane 5 in Fig. 5B ) With the use of T4 DNA ligase in 0.1Â T4 DNA ligase buffer at 25 C, however, notable amounts of polymeric byproducts were formed when [l-DNA 74 ] 0 ¼ 10 mM (lane 2 in Fig. 5B ). The selectivity was 40%. At [l-DNA 74 ] 0 ¼ 20 mM, the selectivity was only 29% (lane 3 in Fig. 5B and Table 2 ). Apparently, this method is not very useful to cyclize secondarily structured l-DNA, although it is powerful for the cyclization of l-DNA without secondary structures. 26 Furthermore, it is noteworthy that the major byproduct was a cyclic oligomer, which is resistant against Exonuclease I (the band near the top of gel). Thus, even aer the digestion of the product in lane 2 by Exonuclease I, the desired "monomeric" ring (c-DNA 74 ) was contaminated with notable amount of this cyclic oligomer (lane 7 in Fig. 5B ), and its purity was only 61% (see Table 2 ). Superiority of Taq DNA ligase for the production of DNA rings is completely evidenced.
Discussion
In the present study, oligonucleotides having complicated secondary structure in solutions (l-DNA) are for the rst time intramolecularly cyclized in high yield and selectivity to single- Table  S1 . † stranded DNA rings. By using thermostable Taq DNA ligase at 65-70 C, the problems of conventional method using T4 DNA ligase (dominant production of polymeric byproducts and the resultant low selectivity for the desired DNA rings) have been solved. The essential points of the present preparation of DNA rings are (i) to achieve the cyclization at high temperatures in which the secondary structures are unstable, (ii) to use splint strand of appropriate length and GC content which binds with l-DNA with reasonable stability at high temperatures, and (iii) to decrease the concentration of Taq DNA ligase buffer to minimize the production of polymeric byproducts. The NAD + -dependent Taq DNA ligase, like ATP-dependent T4 DNA ligase, also involves the lysine-mediated adenylation of the 5 0 -phosphate at the end of one DNA strand. 30 In the following step, the resultant pyrophosphate is attacked by the 3 0 -OH of an adjacent DNA strand, joining two strands by a stable phosphodiester linkage. In the mixtures for the present cyclization, multiple equilibria hold as schematically depicted in Scheme 2 (only the minimum set of species, some of which are only temporarily formed, is shown here). The oligonucleotide is folded to complicated secondary structure I in solutions, but deformed to less structured form II at higher temperature. When a splint strand is added to the solution, several composite species are formed in equilibria. In III, either 3 0 -end of l-DNA or its 5 0 -end binds to the splint, whereas both ends simultaneously bind to the splint in IV. The composite IV is the major active species for the intramolecular cyclization. The binding of the splint to l-DNA could be promoted by the assistance of Taq DNA ligase. When two molecules of II are bound each other by one splint, the composite V is formed, which is responsible for the formation of polymeric byproducts. Note that the yield of DNA ring in the present enzymatic cyclization is primarily proportional to the concentration of the composite IV (with some contribution of III). On the other hand, the selectivity for the formation of DNA ring is governed by the ratio of the concentration of IV to that of V. The rst requisite for successful cyclization is the formation of the composite IV at high temperatures. Thus, the GC content in the splint (and the number of G-C pairs in the composite IV) must be sufficiently high (Fig. 3) . When the splint length is systematically increased, the yield rst increases (the le-hand side of the bell-shaped curves in Fig. 2C ). In the right-hand sides of the curves, however, the increase in the splint length destabilizes IV due to increased strain in the cyclic structures of the composite. The length of single-stranded portion in the composite, which mostly militates the strain in the cyclic structure, is gradually shortened and becomes ineffective (note that the double-stranded portions are too rigid for this purpose). As the result, the intramolecular cyclization becomes less efficient when the splint is too long. This argument fairly agrees with the results in Fig. 4 which shows critical importance of the size of DNA rings for the present enzymatic cyclization. As shown in Fig. 2D , the selectivity for the production of DNA ring is virtually constant irrespective of the splint length up to 31 nt, since [IV]/[V] ratio is not much changed here. The secondary structure has been almost completely destroyed, so that the binding mode of splint to l-DNA in IV (for the intramolecular cyclization) is similar to that in V (for the intermolecular polymerization). With further increase of splint length, however, IV is destabilized by the increased strain of cyclic structure, as described above, decelerating the intramolecular cyclization. On the other hand, the stability of intermolecular composite V is never affected by this factor, and thus the [IV]/[V] ratio (and thus the selectivity) is steeply decreased with increasing splint length.
Interestingly, the T m of splint/l-DNA for the optimal length (25 nt) of splint was only 55.2 C (date not shown), which is about 10 C lower than the reaction temperature of 65 C.
Similarly, for the ligation at 70 C, the optimal length of splint was 29 nt, and the T m of splint/l-DNA (60.8 C, date not shown) was also about 10 C lower than the reaction temperature.
Longer splints gave more polymeric byproducts, indicating that a T m of about 10 C lower than the reaction temperature is favorable for cyclization. By reducing the concentration of Taq DNA ligase buffer, the selectivity for the formation of DNA rings was greatly promoted (Fig. 5) . The formation of polymeric byproducts was almost completely suppressed in 0.1Â Taq DNA ligase buffer, and the selectivity for the ring formation was close to 100%. This result is consistent with the previous nding in the cyclization by T4 DNA ligase that concurrent polymerization was suppressed in highly diluted T4 DNA ligase buffer. 26 The remarkable effect of T4 DNA ligase buffer concentration was ascribed to dominant contribution of nonprocessive ligation process in these buffers, in which the ligase dissociates from the DNA during the catalysis. 39, 40 Compared with processive ligation in which all the catalysis is completed without dissociation of the enzyme, entropic advantage of the intramolecular ligation (cyclization) over the intermolecular polymerization is more signicant. Whether a similar mechanism is in fact operative in the present cyclization or not cannot be concluded at present, since detailed kinetic information on Taq DNA ligase is not available.
By the present method, DNA rings of various of sizes and sequences can be prepared, which should be signicant for further developments of nanoarchitectonics. The selectivity of these reactions is satisfactorily high. Unfortunately, however, Taq DNA ligase, which is currently available from commercial sources may be not completely stable at higher temperatures. Accordingly, the cyclization does not easily attain 100% completion (in most cases, the conversion is 50-80%, Fig. S5 †) . Further increase of the thermostability of this enzyme through mutation experiments and/or discovery of new thermostable DNA ligases should be one of the solutions, and promote the practical usefulness of the present methodology still more.
Conclusion
Even when oligonucleotides are folded to complicated secondary structures in solutions and otherwise hardly cyclized, DNA rings can be successfully prepared by using Taq DNA ligase at high temperatures. The use of Taq DNA ligase is absolutely necessary, since conventionally employed T4 DNA ligase overwhelmingly produces polymeric byproducts and the amount of ring products is only limited. To guarantee both yield and selectivity of DNA rings using Taq DNA ligase, G-C rich splints of sufficient length (e.g. 25-29 nt) must be used. Furthermore, diluted Taq DNA ligase buffer signicantly suppresses the formation of polymeric byproducts. Accordingly, desired DNA rings can be easily obtained in sufficiently high purity, simply by (i) cyclizing the corresponding oligonucleotide by Taq DNA ligase at 70 C in 0.1Â Taq DNA ligase buffer, and (ii) treating the reaction product with Exonuclease I to remove non-cyclic DNAs. No complicated purication procedures are necessary. Many single-stranded DNAs take secondary structures so that the scope of the DNA rings available (and of the relevant nanoarchitectonics) should be greatly extended by this nding. Furthermore, DNA rings involving complicated secondary structures can be easily obtained by the present method using Taq DNA ligase. They should show novel properties in chemical, physical, and biological functions, and are highly useful components for future nanoarchitectonics.
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